Finding an intermediate-mass black hole (IMBH) in a globular cluster (or proving its absence) would provide valuable insights into our understanding of galaxy formation and evolution. However, it is challenging to identify a unique signature of an IMBH that cannot be accounted for by other processes. Observational claims of IMBH detection are indeed often based on analyses of the kinematics of stars in the cluster core, the most common signature being a rise in the velocity dispersion profile towards the centre of the system. Unfortunately, this IMBH signal is degenerate with the presence of radially-biased pressure anisotropy in the globular cluster. To explore the role of anisotropy in shaping the observational kinematics of clusters, we analyse the case of ω Cen by comparing the observed profiles to those calculated from the family of LIMEPY models, that account for the presence of anisotropy in the system in a physically motivated way. The best-fit radially anisotropic models reproduce the observational profiles well, and describe the central kinematics as derived from Hubble Space Telescope proper motions without the need for an IMBH.
INTRODUCTION
The globular cluster ω Cen (NGC 5139) is peculiar and extreme in many aspects. It is one of the most massive (Meylan et al. 1995; van de Ven et al. 2006 ) and less relaxed (Meylan 1987; Meylan et al. 1995; Gieles et al. 2011 ) in our Galaxy, showing no strong sign of mass segregation (Anderson 2002; Miocchi 2010; Goldsbury et al. 2013) . It rotates (Meylan & Mayor 1986; Norris et al. 1997; Merritt et al. 1997; van Leeuwen & Le Poole 2002; Pancino et al. 2007) and it is flattened (Geyer et al. 1983; White & Shawl 1987) . It is known to host multiple stellar populations, having different chemical abundances, identified as distinct main sequences (ω Cen was the first cluster for which this feature was observed, Anderson 1997 Anderson , 2002 and subgiant branches (Lee et al. 1999; Pancino et al. 2000; Ferraro et al. 2004; Sollima et al. 2005; Bellini et al. 2009) , that appear to be spatially separated (Norris et al. 1997; Pancino et al. 2003 Pancino et al. , 2007 and to have a spread in age and metallicity which is not found in most other Galactic globular clusters (Villanova et al. 2014) . Its many ⋆ E-mail: alice.zocchi2@unibo.it peculiarities have triggered many observational studies, making it the star cluster with the largest available set of both photometric and kinematic data. The dynamics of ω Cen has been investigated by means of a number of different techniques and methods (see for example van de Ven et al. 2006; Sollima et al. 2009; Jalali et al. 2012; Bianchini et al. 2013; Watkins et al. 2013 , among many others), with the aim of understanding its origin and evolution, but still many unanswered questions and puzzles remain. In particular, this cluster has been at the centre of a controversy concerning the presence of an intermediate-mass black hole (IMBH) in its centre. of these objects. Haggard et al. (2013) found an upper limit of 3.7 − 5.3 × 10 3 M ⊙ for the mass of a possible IMBH, by measuring the X-ray luminosity in the centre of ω Cen, considering the expected accretion efficiency. A similar estimate was obtained by Lu & Kong (2011) , who considered deep radio continuum observations of ω Cen, and concluded that the upper limit of the mass of a possible IMBH is 1.1 − 5.3 × 10 3 M ⊙ ; a more conservative estimate by Strader et al. (2012) brings this upper limit down to 870 M ⊙ , based on these radio observations. A more massive IMBH could be present, if its accretion efficiency is much smaller than expected.
Because globular clusters are almost gas-free, the absence of accreting IMBH is no evidence for the absence of an IMBH. The focus has therefore been mostly on finding signatures in the phasespace distribution of the stars. Unfortunately, this is challenging: their presence produces observable signatures, such as the wellknown Bahcall & Wolf density cusp (Bahcall & Wolf 1976) , but similar signatures could also be accounted for by other processes. In practice, two signatures are the most studied, and are the basis for the claims of the detection of these objects in Galactic clusters: a shallow cusp in the surface brightness profile (Noyola & Gebhardt 2006; Noyola et al. 2008 ) and a rise in the velocity dispersion profile towards the centre of the cluster Lützgendorf et al. 2013; Feldmeier et al. 2013 ). However, almost identical fingerprints can also be accounted for by other processes: first, it has been shown (Vesperini & Trenti 2010 ) that mass segregation, core collapse, or the presence of binary stars in the centre also produce a shallow cusp in the brightness profile; secondly, the central rise in the velocity dispersion profile could also be due to the presence of radially-biased pressure anisotropy in the system, which is the topic of this study.
The controversy regarding ω Cen represents an illustrative example of the kinematic degeneracy just mentioned. The first claim of the presence of an IMBH in this cluster was by Noyola et al. (2008) , who considered a surface brightness profile and a line-ofsight velocity dispersion profile calculated by integrated spectra in the centre of ω Cen. By performing an analysis based on the Jeans equation, they fitted spherical, isotropic models with the addition of a central IMBH to their data, and estimated that the IMBH mass required to match the observed rise in the central velocity dispersion is 4.0 × 10 4 M⊙. measured proper motions in the innermost part of the cluster, and analysed these data by means of spherical models characterised by radial anisotropy in the core and tangential anisotropy in the outer parts (van der Marel & Anderson 2010). They found an upper limit of 1.2 × 10 4 M⊙ for the central IMBH mass, and they showed that when considering cored models no IMBH is needed to reproduce the data. Recently, by comparing the results of numerical simulations with data of Galactic globular clusters, Baumgardt (2017) found that ω Cen is the only cluster for which the presence of a central IMBH with mass ∼ 4 × 10 4 M⊙ is needed in order to reproduce the central rise observed in the velocity dispersion profile.
The discrepancy in these estimates could be due to several reasons: these works use different data sets, models with different amounts of anisotropy, and a different position of the centre to calculate the radial profiles they considered. Noyola et al. (2010) explored the effects introduced by the last one: they produced different velocity dispersion profiles by means of integrated spectra obtained in the central region of ω Cen, using different assumptions for the position of the centre of the cluster, and then compared them with their spherical and isotropic models, finding that the best-fit black hole mass ranges from 3 × 10 4 M⊙ to 5.2 × 10 4 M⊙, depending on the choice of the centre. This paper focuses on the second possible source of the discrepancy among those outlined above: we explore the role of anisotropy in determining the shape of the observable profiles of ω Cen. We will do this by using a family of dynamical models defined from a distribution function (Gieles & Zocchi 2015) , referred to as the LIMEPY models, which enable the calculation of isotropic models as well as models containing different amounts of radial anisotropy. These models describe systems that are isotropic in the centre, radially anisotropic in the intermediate part and isotropic again at the truncation (this shape of anisotropy profile is physically motivated: we refer to Section 2.3 for a detailed explanation). In the past, some concerns have been raised regarding the fact that the models used by van der to describe ω Cen require the cluster to be radially anisotropic in the core. Indeed, Tiongco et al. (2016) recently showed that the innermost parts of globular clusters isotropize quickly, and that radial anisotropy is expected to be found in their intermediate parts. LIMEPY models are isotropic in the centre, but despite this, the anisotropy in the outer parts results in an increase of the line-of-sight velocity dispersion in the centre of the cluster (in projection), as we will show in Section 4.1.2.
In order to study the importance of anisotropy in shaping the observable profiles, we consider different sub-families of LIMEPY models, each one characterised by a well-defined global amount of anisotropy, and then we fit them to the data with a two-step procedure. First, we use the surface brightness profile to determine the best-fit model parameters. Then, we compare these models to the line-of-sight velocity dispersion profile to obtain a velocity scale, that translates into a measure of the mass of the cluster. Only after all the parameters have been determined, we compare the models to proper motions measurements. This procedure, in a similar way as the analysis based on the Jeans equation carried out by Noyola et al. (2010) and , ensures that the shapes of the radial profiles of all the considered quantities are set by imposing that the models accurately describe the surface brightness profile, thereby isolating the effect of varying the anisotropy on the kinematics (we note that varying the anisotropy parameter in LIMEPY models affects both the spatial density and the kinematics). To understand which flavour of anisotropy is to be preferred when describing ω Cen, we also carry out an additional one-step fit, by considering all the data profiles, thus determining all the parameters at the same time.
The paper is organised as follows. In Section 2 we introduce the models we used to carry out our analysis, and Section 3 describes the data we considered. In Section 4 we present the results of the two-step and of the one-step fitting procedure. In Section 5 we discuss the results by comparing them to those from previous works; the implications for the presence of an IMBH are also outlined. Finally, we present our conclusions in Section 6.
MODELS
To explore the effect of a certain amount of radial anisotropy on the observed properties of the cluster, we consider the family of LIMEPY models 1 introduced by Gieles & Zocchi (2015) . For these self-consistent models, it is possible to compute several quantities such as the projected density profile and the projected velocity dispersion components (along the line of sight and on the plane of the sky), to then compare them with the data.
Distribution function
This family of models is defined by a distribution function, depending on the specific energy E and angular momentum J:
where φ is the potential, and rt is the truncation radius. The function Eγ(a, x) in equation (1) is defined as
where γ(a, x) is the lower incomplete gamma function, and Γ(a) is the gamma function. The expression for the density of these models can be written by means of special functions that depend on the potential φ and on r, making the Poisson equation fast to solve 2 , and the potential and all the other derived quantities of the models straightforward to calculate.
Starting from the distribution function, several quantities can be computed. For example, it is straightforward to compute the density and all the components of the velocity dispersion for the models. By projecting these quantities along the line of sight, it is possible to obtain the surface density, and the line-of-sight and proper motions component of the velocity dispersion to be compared with the data. Because these models describe a homogeneous population 3 , i.e. it can be represented as a system of stars with the same mass and the same luminosity, it is possible to transform the mass density into luminosity density to be compared with the surface brightness data by assuming a constant mass-to-light ratio over the entire extent of the cluster. This is an approximation that holds in the case of clusters that are not much mass-segregated (Anderson 2002; Miocchi 2010; Goldsbury et al. 2013 ). The effect of mass segregation, indeed, causes stars of different mass to have a different spatial distribution in the system and different kinematics (the less massive stars being less centrally concentrated and having a larger central velocity dispersion, for example); we will explore this issue in this context in a follow-up paper.
Model parameters
Each model in the family is identified by specifying the values of three parameters. The parameter W0 is the central dimensionless potential, and is also referred to as the concentration parameter. It is used as one of the boundary conditions in solving the Poisson equation, and determines the shape of the radial profiles of some relevant quantities. This parameter has the same role as in, for example, King (1966) and Wilson (1975) models. The anisotropy radius ra sets the amount of anisotropy contained in the system. The smaller it is, the more radially anisotropic is the model; when ra is large with respect to the truncation radius, the model is everywhere isotropic. The anisotropy is included in the models in the same way as in Michie (1963) models.
The third parameter, that differentiates LIMEPY models from the ones mentioned above, is the truncation parameter g, which sets the sharpness of the truncation in energy (see also Gomez-Leyton & Velazquez 2014) : the larger it is, the more extended the models, and the less abrupt the truncation. To further clarify its role, we point out that for ra → ∞ and by setting g = 0, 1, and 2, we obtain the Woolley (1954), King (1966) , and (isotropic, non-rotating) Wilson (1975) models, respectively. The choice of this family of models, therefore, is also supported by the fact that it includes these well-known models, that have been widely used to describe Galactic globular clusters.
In addition, it is necessary to define the velocity, radial, and mass scales, in order to describe every property of the model in the desired set of units. These are related to A and s, which represent a mass density in 6-dimensional phase space and a velocity scale, thus naturally defining a radial scale via the gravitational constant G. We note that it is enough to specify two of the three scales to completely determine the set of units to use: for this reason, we decided to consider the mass scale and radial scale as fitting parameters, as these are intuitive when fitting the models to data.
Radial anisotropy
The LIMEPY models describe spherically-symmetric systems, therefore their main properties can be expressed as a function of the distance from the centre, r. When considering anisotropic configurations, the models are isotropic in the centre, radially anisotropic in the intermediate part, and isotropic again near the tidal radius rt. This particular form of the anisotropy profile makes them adequate to describe globular clusters, because this is expected for the dynamical evolution of stellar systems in an external tidal field. On the one hand, this is indeed obtained when taking into account the effect of tides on the result of the process of collisionless collapse (van Albada 1982; Trenti et al. 2005) : the anisotropy profile of a stellar system generated this way is isotropic in the centre and radially anisotropic in the outer parts, and the interaction with the external tidal field induces isotropy also near the truncation. On the other hand, a similar form of anisotropy is obtained also when considering the collisional collapse of a compact, isotropic, and initially tidally-underfilling globular cluster (Tiongco et al. 2016) : during core collapse the stars are scattered outside the core on radial orbits, while the cluster expands; then, when the system fills the Roche lobe, the interaction with the external tidal field tends to isotropise the orbits, as stars gain angular momentum and the amount of radial anisotropy near the truncation is suppressed (Oh & Lin 1992) . By analysing several snapshots of a numerical simulation we recently showed that the LIMEPY models accurately reproduce the main properties of such systems during their evolution .
A global measure of the amount of anisotropy in the system is given by the quantity κ = 2Kr/Kt, defined as the ratio of the radial and tangential components of the kinetic energy. Clearly, κ > 1 for radially anisotropic systems, κ < 1 for tangentially anisotropic systems, and κ = 1 for isotropic systems. All the LIMEPY models that we will refer to in this paper are stable against radial orbit instability, as they satisfy the condition κ < 1.7 ± 0.25 (Polyachenko & Shukhman 1981) . A local indication of the anisotropy content of a system is given by the ratio of the tangential to radial components of the velocity dispersion projected on the plane of the sky, σT/σR. Therefore, σT/σR = 1 indicates isotropy, σT/σR < 1 radially-biased anisotropy, and σT/σR > 1 tangentially-biased anisotropy. This quantity is useful for comparison with globular clusters for which proper motion data are available, as this is the only direct observable measure of the anisotropy of a stellar system.
DATA
We briefly outline here the data sets used for our analysis, and we explain how we calculated the observational profiles to be compared with the models.
Photometric data
We used the surface brightness profile derived by Trager et al. (1995) . We decided to complement this profile by adding the one derived by Noyola et al. (2008) , providing data on the innermost region. The composite profile consists of 72 data points in total, given by the V -band surface brightness µV,i(Ri) measured in mag arcsec −2 at the (projected) radial position Ri in arcsec. Before comparing these data with the models, we adopted an extinction correction, assuming a constant extinction over the entire extent of the cluster. We computed AV by using the value of the reddening given in the Harris (2010) Catalog, and corrected the surface brightness to obtain µi(Ri) = µV,i(Ri) − AV for each data point. We did not apply any other correction to the profile, assuming that any foreground and background contamination had been already removed from the data.
Uncertainties on the data by Noyola et al. (2008) are directly provided, while we calculated those on the data by Trager et al. (1995) by following the procedure adopted by McLaughlin & van der Marel (2005) , starting from the weights wi associated to each data point provided by Trager et al. (1995) . As suggested by McLaughlin & van der Marel (2005) , we excluded the points with weights wi < 0.15 in the original profile. The uncertainties are computed as δµi = σµ/wi, with the base error bar σµ = 0.142 for ω Cen (for more details on this procedure and on the meaning of σµ, we refer the reader to Section 2.2 of McLaughlin & van der Marel 2005) .
To carry out the fit, as suggested by McLaughlin & van der Marel (2005) , we transformed the magnitudes in luminosities li (for more details, see also Appendix B of Zocchi et al. 2012) . This ensures that the χ 2 function is more stable, and allows us to make a more straightforward comparison with the models.
Kinematic data
We combined two different data sets of line-of-sight velocities of stars in ω Cen, the one by Reijns et al. (2006) and the one by Pancino et al. (2007) . After determining which stars are in common in the two samples, we kept only the measure with the smallest associated error. We thus built a combined sample consisting of radial velocities measured for 1868 stars in the cluster, covering a spatial extent from ∼ 11 arcsec to ∼ 1800 arcsec from the cluster centre 4 . For each star, the position on the sky, the line-of-sight velocity, and the associated error are provided. We computed the line-of-sight velocity dispersion profile σ los by following the procedure described in Pryor & Meylan (1993) .
Two data sets of proper motions measurements are available for this cluster. The data set by van Leeuwen et al. (2000) consists of ground-based measurements of proper motions for 9847 stars, 2740 of which are then considered for the fit (for a more detailed description of the treatment of these data, see Appendix A in Bianchini et al. 2013) . The data set by provides Hubble Space Telescope (HST) measurements for 72,970 stars. For each star, the position on the sky, the radial and tangential components of the velocity on the plane of the sky, and the associated error are provided. In this work, we considered the radial and tangential proper motion velocity dispersion profiles, σR and σT, and the projected anisotropy profile σT/σR as they were calculated by Bianchini et al. (2013) . The ground-based proper motions have large uncertainties, but because of the wide-field coverage they provide, we do include these data in our analysis. We will not be able to place strong constraints on the anisotropy with these data, but we note that with the second Gaia data release (end 2017/early 2018) we will be able to sample the entire anisotropy profile of ω Cen to address this in greater detail (Pancino et al. 2017 ).
FITTING PROCEDURE AND RESULTS
Our goal is to show how the presence of radially-biased anisotropy in a system can alter the observable quantities, and in particular to show its effect on the projected velocity dispersion profile, which is the main observable used to infer the presence of IMBHs in globular clusters.
Two-steps fitting procedure
Previous works (e.g. van der Noyola et al. 2010; Watkins et al. 2013) analysed the data of ω Cen by using the Jeans equation to infer the presence of an IMBH, by assuming a certain functional form for the anisotropy of the cluster. The Jeans equations are obtained by taking velocity moments of the collisionless Boltzmann equation. In the case of spherically symmetric systems, there is only one equation for the radial coordinate, which relates the mass density, the radial component of the velocity dispersion, and the anisotropy. This equation is often used to obtain the velocity dispersion of a stellar system from the surface brightness profile properly deprojected by assuming a radial profile for the mass-to-light ratio and for the anisotropy function. The first input needed in this approach is therefore the surface brightness profile. One of the shortcomings of this approach is that it is not a priori guaranteed that there exists a supporting distribution function corresponding to the solutions that are found. Because the anisotropy type and profile are assumed arbitrarily, and manually changed until the obtained velocity dispersion reproduces the data, the modelling is degenerate: different assumptions for the anisotropy profile can produce similar observable features (this is the so called mass-anisotropy degeneracy; see for example Binney & Mamon 1982; Tonry 1983; Łokas 2002 , among many others).
Here we address this problem from a different point of view, by means of dynamical models defined from a distribution function, with a physically justified anisotropy profile that resembles the ones observed in numerical simulations of both collisionless and collisional systems (see Section 2.3). In order to follow a procedure as close as possible to the one used in analyses based on the Jeans equation (i.e., in order to use the surface brightness profile as a starting point to determine the dynamics of the system), we decided to carry out two steps in our fitting procedure. Because our models include the anisotropy self-consistently, we identify several models in the LIMEPY family by means of the values of the anisotropy parameter κ, which gives a global indication of the amount of anisotropy in the system. This corresponds to the anisotropy assumption in the Jeans analysis.
The first step in our fitting procedure involves the surface brightness profile, to determine the best-fit model parameters for the chosen amount of anisotropy. This procedure ensures that the structural parameters of the models depend only on the surface brightness profile, which is therefore responsible for determining the shape of all the other profiles we will consider.
In the second step we find the vertical scaling that is needed to minimise the χ 2 when comparing the line-of-sight velocity dispersion of the model to the data, thus determining the mass-to-light ratio: this is the only parameter depending on the observed kinematics. We point out that the proper motions are not used in any step of this fitting procedure. In Section 4.2 we present a fit to all the data.
Surface brightness profile fitting
As anticipated above, the first step of our procedure consists of fitting the models to the surface brightness profile of ω Cen, by means of EMCEE (Foreman-Mackey et al. 2013 ), a PYTHON implementation of Goodman & Weares affine invariant Markov chain Monte Carlo ensemble sampler.
When using only the surface brightness profile in the fitting procedure, it is not possible to constrain the amount of anisotropy needed to describe the dynamics of a globular cluster (this was also shown by Zocchi et al. 2012) . This is even more so for the LIMEPY family of models, because of the degeneracy between the truncation parameter g and the anisotropy radius ra: both these parameters have a role in determining the extent of the system, so that when we ignore the kinematics, it is not possible to determine if the system is very anisotropic (small ra) and has a sharp truncation (small g), or if it is less anisotropic (large ra) and has a shallow truncation (large g). Therefore, we carry out the fit seven times, each time by setting κ to a different value. The values of κ to use have been chosen by taking into account the results of Trenti et al. (2005) , who showed that for systems originated as a product of collisionless collapse κ 1.5, and of , where the values of κ found for a collisional system range from 1.0 to 1.3 during its evolution. However, for very anisotropic models (κ > 1.3), not all the values of g and W0 are accessible, and this limits range of κ that we can consider if we want to reproduce in a satisfactory way the surface brightness profile of ω Cen. Therefore, we consider an isotropic case along with six radially anisotropic cases, by choosing a sequence of values, equally spaced, in the range 1.0 κ 1.3. This choice of the values of κ ensures that all the models are stable against radial orbit instability (Polyachenko & Shukhman 1981; Fridman et al. 1984) .
For the fits, we assume a distance d = 5.0 kpc for the cluster, and we determine four free parameters: W0 and g, structural model parameters determining the shape of the profile; L, the total luminosity of the cluster, in L⊙; r h , the half-mass radius of the cluster, in pc. These fitting parameters are found by maximising the log-likelihood function
i.e., by minimising the following quantity
where Ri, li, and δli are the radial position, luminosity and luminosity error for each of the NSB points in the surface brightness profile, and the quantity λ is the projected luminosity density of the model, its shape depending on the values of all the fitting parameters (this quantity is calculated by scaling the normalised projected density of the model by using the parameters L and r h ). For the parameters, we adopt uniform priors over the following ranges: 1 < W0 < 15, 0.3 < g < 2.1, 0.1 < L < 5 in units of 10 Table 1 . Best-fit parameters for ω Cen. The first seven rows of the table refer to the two-steps fitting procedure. Each line refers to a different model, identified by the value of the anisotropy parameter κ listed in the first column. For each model, several parameters are given, namely the concentration parameter W 0 , the truncation parameter g, the half-mass radius r h (also given in arcsec in the third column from the right), the truncation radius rt, the mass M and luminosity L of the cluster, the mass-to-light ratio M/L, the distance d, and the dimensionless anisotropy radiusra. The last line of the table refers to the fit carried out at once on all the available data, and the same parameters are given also for this best-fit model. The uncertainties are indicated for the best-fit parameters of each model and for the value of the parameter κ obtained from the one-step fitting procedure. parameter is identified as the median of the marginalized posterior distribution. Because κ is a quantity that is calculated after solving a model, and not an input model parameter, in order to obtain a model with a certain value of κ we carry out an iterative procedure. For each couple of parameters (W0, g) considered by the walkers of EMCEE, we start the iteration by considering a default value for the anisotropy parameter ra. At each step of the iteration, we compare the value of κ obtained for the model with the desired one, and we set the new value of ra accordingly. We stop the iteration when we obtain a model with a κ that differs from the target value by less than 0.001. Figure 1 shows the results of this first step in our fitting procedure. In the plot, the surface brightness profile of ω Cen is shown (represented in luminosities rather than in magnitude): open circles indicate the points of the profile by Trager et al. (1995) , filled circles those by Noyola et al. (2008) . The best-fit profiles for the seven models with different anisotropy content are also shown, each one indicated with a different colour, as specified by the labels in the figure. It is immediately clear that all the models are able to reproduce the data equally well, and the profiles belonging to the different models are overlapping. This confirms that it is not possible to discriminate between models having a different anisotropy content by only using the surface brightness profile. This also allows us to compare the kinematic profiles of models with a different dynamics that reproduce the surface brightness profile equally well.
The first rows of Table 1 list the values of the best-fit parameters obtained with the fitting procedure described here, together with some other useful quantities. Each line refers to a different model, identified by the value of the anisotropy parameter κ listed in the first column. For each model, several best-fit parameters are given: the fitting parameters W0, g, r h , L, and M/L, the derived parameters rt and M , and the assumed value of the distance d. In the case of these fits, where we fixed the value of κ, thus setting the amount of anisotropy in the system, we provide the value of the dimensionless anisotropy radiusra, defined as the ratio of the anisotropy radius to the scale radius ra/rs (see Sect. 2.1.2 of Gieles & Zocchi 2015), needed to get the desired κ for the bestfit models; we recall that the value ofra is found iteratively for each model, in order to get models with the desired value of κ. For the fitting parameters, we also show the 1-sigma uncertainties. By inspecting the table, it is clear that the values of the truncation parameter g decrease when the amount of anisotropy in the system increases (increasing κ, decreasing ra): this is due to the degeneracy described above.
Line-of-sight velocity dispersion profile fitting
After having found the best-fit model parameters to describe the surface brightness profile for each value of κ, we compare the kinematic profiles predicted by the models with the observed ones. To do that, we need to find the mass M of the cluster, to get the appropriate velocity scale. Therefore, we obtain the mass-to-light ratio M/L that gives the best-fit to the line-of-sight velocity dispersion profile for each model.
To do this, we minimise the following quantity:
where Ri, σ los,i , and δσ los,i are the radial position, line-of-sight velocity dispersion and its error for each of the NVD los points in the velocity dispersion profile, and σLOS is the velocity dispersion profile of the models, projected along the line of sight, and depending on the value of the mass-to-light ratio M/L. We plot the best-fit velocity dispersion profiles identified in this way in Fig. 2 . The open circles show the line-of-sight velocity dispersion profile calculated from the radial velocity measurements by Reijns et al. (2006) and Pancino et al. (2007) . Each line corresponds to a model with a different amount of radial anisotropy, as indicated in the legend of the plot.
We notice that the isotropic model predicts the smallest value for the central velocity dispersion. By considering larger amounts of anisotropy, the central value of the velocity dispersion increases. We also note that the profiles of different models have different shapes, contrarily to what we observed for the projected density. The small number of data points and their large error bars (as compared to the ones for the surface brightness profile) suggest that the anisotropy profile can be constrained with more data in the outer parts, in order to cover the entire extent of the cluster. By inspecting Fig. 2 , it is clear that different models predict different values for the truncation radius rt of the cluster (see also Table 1 ). From Fig. 1 this difference cannot be appreciated, because it occurs beyond the last data point, at very low values of luminosity density. The truncation radius appears to be smaller when increasing the anisotropy (see the discussion about the degeneracy between g and ra in Sect. 4.1.1).
Comparison to proper motions data
After having determined all the model parameters and the scales in the previous two fitting steps, it is then possible to calculate many other properties of the models to compare them with additional data. In particular, here we focus on a comparison with the proper motions data described in Section 3.2.
The top and middle panels of Fig. 3 show the radial and tangential (projected) velocity dispersion profiles of ω Cen, σR and σT. The open circles reproduce the points calculated from the ground-based proper motions measurements by van Leeuwen et al. (2000) , the filled circles those calculated from HST data by . Error bars are also indicated: we notice that the ground-based sample has much larger associated errors than the HST one. Each line corresponds to a model with a different amount of radial anisotropy, as indicated in the legend in the top panel.
The same behaviour observed for the line-of-sight velocity dispersion is also seen here, with the more anisotropic models providing a larger velocity dispersion in the centre. We notice that, for anisotropic models, the three components of the velocity dispersion considered here have profiles different from one another: this well-known properties of anisotropic systems can be used, with more data covering the entire extent of the cluster, to determine the amount of anisotropy actually present in ω Cen. The forthcoming Gaia proper motions will be of great importance in this respect. The bottom panel of Fig. 3 shows the projected anisotropy profile, calculated as the ratio between the tangential and radial components of the velocity dispersion, σT/σR. The HST data seem to indicate a shape of the profile similar to the one reproduced by (2006) and Pancino et al. (2007) , with the profile calculated as in Bianchini et al. (2013) . Bottom panels: radial and tangential (proper motions) velocity dispersion profiles for ω Cen. Top right panel: projected anisotropy profile, calculated as the ratio between the tangential and radial components of the velocity dispersion. Proper motions data are from van Leeuwen et al. (2000) and , and are indicated with open and filled circles, respectively. In each panel, the solid line corresponds to the best-fit LIMEPY model obtained by fitting on all the observational profiles at the same time. The shaded grey areas represent the models that occupy a 1-sigma region around the maximum likelihood, as identified by EMCEE. the most anisotropic model we considered. The ground-based data, instead, have more scatter and larger error bars, and do not follow any clear trend. We recall that the comparison with proper motions data did not involve any fitting. The fact that the most anisotropic models seem to be a good representation for the observations is an indication that ω Cen could actually be well described by these anisotropic LIMEPY models. In Section 4.2 we fit the models to all available data.
One-step fitting procedure
Before comparing the results of our analysis to those in the literature, we present the results of another fit, carried out by considering at the same time all the observational profiles of ω Cen. Indeed, it is also possible to carry out a unique step in the fitting procedure by considering all the data profiles and by determining all the fitting parameters at once. This procedure, as opposed to the one described in Section 4.1, is also allowing us to fit on the amount of anisotropy present in the system, because here the kinematic data are involved in the fitting procedure. This is interesting because the outcome of this fit gives the best possible representation of the dynamics of ω Cen by means of the LIMEPY models.
In addition to the structural parameters W0 and g, to the mass M , half-mass radius r h , and mass-to-light ratio M/L of the system, we also fit on the distance d, and on the anisotropy radius ra, which sets the amount of anisotropy of the model. We determine the best-fit values of these 7 parameters by minimising the following quantity:
where each of the terms on the right end side is in the form:
where xi, Ri, and δxi represent the observational quantity, its ra-dial position, and its error, and X is the corresponding model profile, depending on all the fitting parameters. The four terms appearing in equation (6) correspond to the surface brightness profile, line-of-sight velocity dispersion profile, and radial and tangential proper motion velocity dispersion profiles, respectively. For the parameters, we adopt uniform priors over the following ranges: 1 < W0 < 15, 0.3 < g < 2.1, 0.1 < M < 5 in units of 10 6 M⊙, 1 < r h < 20 in units of pc, 1 < d < 10 in units of kpc, 0.1 < M/L < 5 in solar units, and −1 < log ra < 2 (we consider log ra as a fitting parameter instead of ra to have an uninformative prior for this parameter, because it can span several orders of magnitude).
The surface brightness profile of the best-fit LIMEPY model is very similar to the ones presented in Fig. 1 , and it represents the data equally well. Therefore, fitting on all the profiles at the same time has not changed the ability of the models of reproducing this profile. Figure 4 shows the kinematic profiles of the best-fit LIMEPY model for ω Cen. Starting from the top left and proceeding counterclockwise, the panels represent the line-of-sight (projected) velocity dispersion profile, the radial and tangential (proper motion) velocity dispersion profiles, and the projected anisotropy profile. With respect to the ones from Section 4.1, these profiles are more extended, and reproduce the proper motions velocity dispersion profiles better. The projected anisotropy profile is still not well matched by the models. This is partly due to the fact that the ground-based data are scattered and have very large errors, and partly due to the fact that the models may not be adequate in representing the internal dynamics of the cluster. Indeed, for example, we know that this cluster is rotating, but the models do not include any rotation.
The best-fit values of the parameters found with this fitting procedure are listed in the last line of Table 1 , together with some other useful quantities. For the fitting parameters we also indicate the uncertainties. We provide the value of κ also for this model, as it quantifies the amount of anisotropy in the system, and allows for an immediate comparison with the results of the two-steps fitting results. To make the comparison more meaningful, we also provide the uncertainty obtained for this parameter.
DISCUSSION
In this Section we compare and discuss the results of the analysis we carried out here with those of previous works.
The role of anisotropy
To further explore the role of anisotropy, we compare the intrinsic β profiles, as opposed to the projected ones we used to match the proper motions data. We recall that β gives a local measure of the anisotropy in the system, and it is defined as:
where σt and σr are the tangential and radial components of the velocity dispersion. Values of β > 0 indicate radial anisotropy, β < 0 tangential anisotropy, and β = 0 isotropy. The radial profiles of the anisotropy for the best-fit LIMEPY models we obtained as a results of our fitting are indicated in Fig. 5 with the same colours as in the other figures of this paper. These profiles are characterised by isotropy in the central part of the cluster, radial anisotropy in the intermediate part and isotropy again at the boundary. We notice that the different procedures followed in the fit introduce some differences in the anisotropy profiles: when the surface brightness profile is the only one used to determine the model parameters, the models are more compact and the peak of the anisotropy profile is located closer to the centre. To better understand the role of anisotropy in the search for signatures from an IMBH, we compare the LIMEPY models, that do not account for the presence of an IMBH, to other models that provided a good fit for the kinematical profiles of ω Cen when a central IMBH was considered; we show the anisotropy profiles of these models in Fig. 5 . The black dotted line is representing an isotropic profile: we show this to account for the isotropic models used in the analysis by Noyola et al. (2010) , so that the comparison with the LIMEPY models is more immediate. Moreover, we indicate the anisotropy profile obtained by van der with the black dashed line: this profile describes a system which is radially anisotropic in the centre, and becomes tangentially anisotropic in the outer parts.
We point out that all the models shown in Fig. 5 are able to reproduce in a remarkable way the surface brightness profile of the cluster, despite their different dynamics. Some of them are also very accurately representing some of the kinematical profiles available for ω Cen. We reiterate that our two-steps fitting strategy mimics the analysis based on the Jeans equation, where the assumption on the presence and on the flavour of the anisotropy is only playing a role after the fit on the surface brightness has been carried out.
The anisotropy plays an important role in shaping the relevant profiles for the cluster, but at the moment the available data are not enough to put a strong constraint on it. Indeed, the HST data in the centre of the cluster seem to indicate the presence of a 
Figure 6. Line-of-sight (projected) velocity dispersion profile of ω Cen, σ LOS . The black dots reproduce the profile provided by Noyola et al. (2010) when considering their kinematical centre, the green squares the profile obtained when considering the centre by Noyola et al. (2008) , and the red pentagons the one with the centre by . Open circles reproduce data from Reijns et al. (2006) and Pancino et al. (2007) , with the profile calculated as in Bianchini et al. (2013) . Error bars are shown. The coloured lines reproduce the best-fit profiles obtained for the different choices of anisotropy content, as indicated by the labels; the black solid line represents the best-fit model obtained in our one-step fitting procedure.
larger amount of anisotropy than the one described by the models, while the ground-based data seem to indicate that less anisotropy is needed. More proper motions data, especially for stars located in the intermediate and external part of the cluster, will become available in the near future thanks to Gaia: these new data will ease the tension between the HST data and ground-based data and establish the amount of radial anisotropy in ω Cen.
Comparison with previous works and implications on the presence of an IMBH

IFU data to measure the central velocity dispersion
It is particularly instructive to compare the results obtained here with the data that have been used to infer the presence of an IMBH in the centre of this cluster. In particular, we refer to the three velocity dispersion profiles provided by Noyola et al. (2010) and calculated from integrated spectra they collected in a region of the cluster very close to the centre. Because different estimates of the position of the centre of ω Cen have been obtained by using diverse techniques, different radial profiles can be calculated, by binning the data into annuli around the centres. Noyola et al. (2010) provided a first profile calculated by assuming the position of the centre they calculate based on their kinematic data, another profile by using the centre proposed by Noyola et al. (2008) and based on photometric data, and a third profile by considering the centre proposed by , which is calculated from proper motions data. They point out that only in the case in which the centre is determined by analysing the kinematics of the cluster, it is possible to detect a cusp towards the centre in the velocity disper- . Central velocity dispersion, σ LOS,0 , as a function of κ, for the best-fit models considered here. The coloured dots reproduce the best-fit models obtained for the different choices of anisotropy content, with the same colours as the lines in Fig. 6 ; the black star represents the best-fit model obtained in our one-step fitting procedure. The black triangle shows the result obtained for a one-step fitting procedure carried out on the observational profiles when neglecting the ground-based proper motions from van Leeuwen et al. (2000) . The white dot, white square, and white pentagon represent the result of a one-step fitting procedure carried out on the observational profiles with the addition of the profile provided by Noyola et al. (2010) when considering their kinematical centre, the profile obtained when considering the centre by Noyola et al. (2008) , and the one with the centre by , respectively. The grey area on the plot shows the region of marginal radial orbit instability (we recall that the limit for the onset of instability proposed by Polyachenko & Shukhman 1981 is κ = 1.7 ± 0.25); 1-sigma uncertainties are shown for the results of one-step fitting procedures.
sion. The discrepancy in the profiles due to the choice of a different centre is only visible in the innermost part of the cluster (within ∼10 arcsec from the centre): the velocity dispersion profiles we calculated with the discrete line-of-sight velocity and proper motions data do not change significantly when considering a different centre. Figure 6 shows the line-of-sight velocity dispersion of ω Cen. The solid black line represents the best-fit LIMEPY model we obtained by fitting on all the data, while the coloured lines are the best-fitting profiles resulting from the two-steps analysis for different amounts of anisotropy, as indicated in the legend. Open circles reproduce data from Reijns et al. (2006) and Pancino et al. (2007) , with the profile calculated as in Bianchini et al. (2013) . The black dots reproduce the profile provided by Noyola et al. (2010) when considering their kinematical centre, the green squares the profile obtained when considering the centre by Noyola et al. (2008) , and the red pentagons the one with the centre by .
By inspecting the figure we see that, even though the best-fit models have been calculated without using the innermost velocity dispersion measurements, the most anisotropic ones can partially reproduce their behaviour. When considering the isotropic model, instead, there is no way of reaching the central values of the velocity dispersion, which are heavily underestimated. However, the most anisotropic models among those considered go through the Table 2 . Comparison with literature. We list the values of mass M , mass-to-light ratio M/L, and distance d found in previous dynamical studies of ω Cen. References for each work are given in the first column, and a brief description of the models used is provided in the last column. Values between square brackets are not the result of the fitting procedure, but are fixed beforehand.
Meylan ( (2006) 2.5 ± 0.3 2.5 ± 0.1 4.8 ± 0.3 axisymmetric rotating orbit-based models van der 2.8 2.62 ± 0.06 4.73 ± 0.0 anisotropic models (Jeans) Watkins et al. (2013) 2.71 ± 0.05 4.59 ± 0.08 anisotropic models (Jeans) Bianchini et al. (2013) 1.953 ± 0.16 2.86 ± 0.14 4.11 ± 0.07 rotating models (Varri & Bertin 2012 ) Watkins et al. (2015 3.452 lower sequence of points from the three profiles. The cusp noted in the black profile would imply a lower IMBH mass if considered on top of the anisotropic models instead of with an isotropic one. For this reason, it is important to accurately describe the global dynamics of a stellar system, when trying to look for IMBHs, even if they only have a significant and direct effect on the stars that surround them, because all the stars in the cluster play a role in shaping the quantities we observe.
To further explore the effect of anisotropy on the line-of-sight velocity dispersion in the centre of the system, σLOS,0, we compare the values we obtain for this quantity for the different best-fit models considered in this paper. Each point in Fig. 7 corresponds to a different model, for which the value of κ is given in the abscissa and the value of σLOS,0 on the ordinate. The coloured points correspond to the result of the two-steps fitting procedure, and are indicated here with the same colours used in the other figures of this paper; the black star corresponds to the result of the one-step fitting procedure. The other points indicate the values obtained when carrying out a one-step fitting procedure on all the observational profiles, with the addition of the innermost line-of-sight velocity dispersion points obtained by IFU data and shown in Fig. 6 . The circle, square, and pentagon in Fig. 7 refer to fits that take into account respectively the profiles indicated with black circles, green squares, and red pentagons in Fig. 6. Figure 7 shows that the central velocity dispersion increases when considering more radially anisotropic models. For models with a κ differing by 0.3, the corresponding difference in σLOS,0 is about ∼3 km s −1 . The black triangle in the figure shows the result obtained when when neglecting the ground-based proper motions (van Leeuwen et al. 2000) from the one-step fitting procedure. The difference in the resulting value of κ is due to the different trends observed between the groundbased and the HST proper motions (see top right panel of Fig. 4 for example). Gaia data will provide more accurate proper motions of stars in the outermost parts of this cluster (Pancino et al. 2017 ), and will make it possible to study the dynamics of ω Cen on its entire extent.
In order to provide more stringent constraints on the presence of an IMBH in ω Cen, it is not only important to use detailed dynamical models, taking into account the important ingredients that are responsible for the observed kinematics, but also to have accurate kinematical data covering the entire extent of the cluster at disposal. For the central crowded parts of clusters, often integral field spectroscopy is preferred to the measurement of the velocities of individual stars. However, these two different methods to measure the velocity dispersion at the centre of globular cluster seem to provide discrepant results. An example is the controversy around the cluster NGC 6388, for which Lützgendorf et al. (2013) measured a central velocity dispersion of ∼ 23 km s −1 with integrated spectroscopy, while Lanzoni et al. (2013) only found a value of ∼ 13 km s −1 when calculating the dispersion from measures of velocities of single stars. This discrepancy causes the estimate of the mass of a central IMBH to go from ∼ 1.7×10
4 M⊙ ) to ∼ 2 × 10 3 M⊙ (Lanzoni et al. 2013 ) when considering the two different profiles. Bianchini et al. (2015) explored this issue by means of Monte Carlo cluster simulations, and concluded that the presence of a few bright stars could introduce a significant scatter in the velocity dispersion measurements when luminosity-weighted IFU observations are considered.
Dynamical studies of ω Cen
In addition to the ones mentioned above, other dynamical studies have been carried out to understand the dynamics of ω Cen. A compilation of the values of mass, mass-to-light ratio, and distance found in previous studies is given in Table 2 .
By considering multi-mass Michie (1963 ) models, Meylan (1987 found that the best-fit model to reproduce the density and line-of-sight velocity dispersion of this cluster is radially anisotropic, with an anisotropy profile of the same shape as the one of LIMEPY models, and suggests that this is related to the large halfmass relaxation time of this system. The best-fit mass and mass-tolight ratio obtained by Meylan (1987) , M = 3.9 × 10 6 M⊙ and M/L = 2.9 M⊙/L⊙, are consistent with the ones we found in our one-step fitting procedure. van de Ven et al. (2006) considered Schwarzschild's orbit superposition method to model the dynamics of this cluster. Their best-fit model is close to isotropic in the innermost part and becomes tangentially anisotropic in the outermost part, and it has total mass M = (2.5 ± 0.3) × 10 6 M⊙, mass-to-light ratio M/L = 2.5 ± 0.1 M⊙/L⊙, and distance d = 4.8 ± 0.3 kpc. These values are smaller than the ones we found, but consistent within 2σ. Watkins et al. (2013) carried out discrete dynamical modelling of ω Cen, by considering models with a constant anisotropy profile. They found that the best-fit model is radially anisotropic with β = 0.10; they also determine the mass-to-light ratio of the cluster to be M/L = 2.71 ± 0.05 M⊙/L⊙, and the distance to be 4.59 ± 0.08 kpc. By using rotating models, Bianchini et al. (2013) found smaller values for the mass (M = (1.953 ± 0.16) × 10 6 M⊙) and for the distance (d = 4.11 ± 0.07 kpc) of the cluster with respect to the ones provided here, but their mass-to-light ratio (M/L = 2.86 ± 0.14 M⊙/L⊙) is consistent with ours (this is because their smaller distance implies a smaller total luminosity for the cluster, and this combined with the smaller mass they find is producing a mass-to-light ratio similar to ours).
The best-fit model we presented here showed that radial anisotropy plays an important role in ω Cen. However, our models do not account for the rotation, and describe a cluster with an homogeneous stellar population (constant M/L): relaxing these assumptions could provide an even better agreement with the observational profiles.
SUMMARY AND CONCLUSIONS
Observational claims of IMBH detection are often based on analyses of the kinematics of stars, and in particular on the observed rise in the velocity dispersion profile towards the centre of the system Noyola et al. 2010 ). Here we considered the degeneracy between this IMBH signal and the presence of radially-biased pressure anisotropy in the system. As an example, we analysed the case of ω Cen, which has been at the centre of a controversy regarding the presence of an IMBH and its estimated mass.
In order to provide an analysis similar to the one based on the Jeans equations when a central IMBH is included, we considered a family of dynamical models, the LIMEPY models (Gieles & Zocchi 2015) , and we compared them to the observational profiles of ω Cen by means of a two-steps fitting procedure. First, we fit the models with a fixed amount of anisotropy to the surface brightness profile of the cluster, to determine the model parameters, the total luminosity and the radial scale. Then, we determine the mass-to-light ratio of the cluster by fitting the vertical offset of the line-of-sight velocity dispersion. The results we get at the first step of this procedure show that models with different degrees of anisotropy are able to reproduce the surface brightness profile of ω Cen in great detail, and in a remarkably similar way. This strategy, therefore, allowed us to compare the kinematic profiles of models with a different dynamics that represent the surface brightness profile equally well. We found that anisotropic models are more adequate to reproduce both the line-of-sight and the proper motions velocity dispersion profiles of this cluster.
We also carried out an additional fit, by considering all the observational profiles at once, and without fixing a priori the amount of anisotropy to be expected in the system. We again found that a radially anisotropic model is providing the best-fit to the measured profiles.
Finally, we compared our best-fit models to the central lineof-sight velocity dispersion profile measured by means of integrated spectroscopy, which was used to claim the presence of an IMBH in the system (Noyola et al. 2010) . We found that the most anisotropic models we considered are partially able to reproduce the innermost behaviour of the velocity dispersion profile, while the isotropic model predicts a much lower value for the central dispersion. The discrepancy between the models without IMBH and the data is smaller in the case of anisotropic models: if this were due to the presence of an IMBH, it would have a much smaller mass than predicted when considering isotropic models. This analysis cannot rule out the presence of an IMBH, but puts some caution on the amount of mass that could be accounted for by such an object. The models we considered here were chosen specifically to explore the role of pressure anisotropy in shaping the projected profiles that can be compared with the observed ones. Indeed, pressure anisotropy plays an important role in the dynamics of globular clusters, and it should be taken into account to properly describe these systems. However, these models do not consider two ingredients that could be also important in determining these observational properties of clusters: rotation and mass segregation. In particular, as suggested also by Baumgardt (2017) , the presence of a population of heavy remnants in the centre has the effect of increasing the line-of-sight velocity dispersion of visible stars towards the centre of the cluster (for an example, see Peuten et al. 2016) . We plan to explore the role of these dynamical ingredients in a follow-up study.
We reiterate that so far no strong evidence for the presence of an IMBH in the centre of a globular cluster has been found based on kinematic data. Upcoming measurements of proper motions by Gaia will soon enable us to study the kinematics of many Galactic globular clusters up to their outermost regions. This will unveil the kinematic properties of regions of the clusters that are so far unexplored, allowing us to obtain information on the rotation and on the velocity anisotropy of these stars, and on their interaction with the external tidal field. By studying the dynamics of these systems as a whole, we will be able to provide important information on the presence of IMBHs in their centres.
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